Membrane lipids play a central role in cellular signal transduction. As receptor ligands, enzyme cofactors, and allosteric modulators, they control cellular excitability ([@r1]), immune responses ([@r2]), cell migration ([@r3], [@r4]), and stem cell differentiation ([@r5], [@r6]). In line with their fundamental importance, dysregulation of signaling lipids has been firmly established as a hallmark of severe diseases such as cancer ([@r7]) and diabetes ([@r8]). Lipids are grouped into classes characterized by common chemical features, such as their headgroup. Each of these classes comprises many molecularly distinct lipid species that differ in subtle chemical details, e.g., number of double bonds, ether or ester linkages, as well as fatty acid chain length and positioning, ultimately suggesting the presence of thousands of individual lipid species in mammalian cells ([@r9], [@r10]). While the heterogeneity of the cellular lipidome in general and of signaling lipids in particular is well established, it is much less clear whether this heterogeneity has causal relations to cellular function ([@r11], [@r12]).

Intriguingly, a growing body of evidence suggests that changes in the levels of individual lipid species rather than entire lipid classes determine cellular signaling outcome. For instance, early studies reported that activation of individual cell surface receptors leads to the formation and degradation of distinct patterns of diacylglycerol (DAG) species during signal transduction ([@r13][@r14]--[@r15]) on minute timescales. This suggests that crucial information could be encoded in the molecular spectrum of generated signaling lipids. Supporting this notion, drastically altered levels of distinct lipid species were correlated with cellular processes, e.g., the increase of a phosphatidic acid ether lipid during cytokinesis ([@r16]) or the reciprocal regulation of ceramide species during Toll-like receptor signaling in innate immunity ([@r17]). DAGs appear to be prime targets to study the importance of lipid heterogeneity in cell signaling, as they act as second messengers at the plasma membrane and function in many cellular processes, including insulin signaling, ion channel regulation, and neurotransmitter release ([@r18], [@r19]). Many of these processes involve effector proteins such as protein kinase C (PKC) isoforms, which are recruited to cellular membranes by DAG binding to their C1 domains ([@r20]). Faithful process initiation thus requires the activation of a subset of DAG effector proteins in the presence of others as observed during the formation of the immunological synapse ([@r21]). However, the molecular mechanisms of such specific recruitment events are not well understood. Here, specificity could be provided by differential activation of effectors by structurally distinct DAG species, which recruit specific DAG binding proteins due to differences in lipid-protein affinities, local lipid densities, and lifetimes. Determining these parameters requires quantitative experimental strategies that allow perturbing and monitoring levels of native lipid species and lipid--protein complexes in specific membranes of living cells. However, such methods are not yet available ([@r22]).

Closing this methodological gap, we developed chemical probes for rapid, leaflet-specific ultraviolet (UV) uncaging of individual DAG species at the plasma membrane of living cells. This allowed temporally well-defined increases of native DAG species in a quantitative and dose-dependent fashion as a prerequisite for kinetic analysis. By combining DAG uncaging and live-cell fluorescence imaging of DAG-binding proteins with mathematical modeling, we demonstrate that 1) structural differences between DAG species are sufficient to trigger different recruitment patterns of various PKC isoforms and lead to differential phosphorylation of downstream signaling targets; 2) *K*~d~ values of DAG--C1--domain interactions as well as transbilayer movement and turnover rates differ by orders of magnitude between DAG species; 3) the affinity of the lipid--protein interaction primarily influences the magnitude of DAG signaling events (recruitment of a specific effector protein); whereas 4) the kinetics of DAG signaling events are largely determined by lipid transbilayer movement and turnover rates. Overall, our data demonstrate that subtle differences in DAG structure affect lipid-protein affinities and the kinetics of transbilayer movement and lipid turnover. This results in preferential recruitment of DAG-binding proteins, which may serve as a mechanism to encode information during cellular signaling events.

Results {#s1}
=======

Photoactivation Allows Acute DAG Density Increases at the Plasma Membrane. {#s2}
--------------------------------------------------------------------------

Photoliberation of native lipid species from caged lipids constitutes the most straightforward experimental approach to induce well-defined, temporally controlled density increases of a single lipid species in individual membrane leaflets ([@r23][@r24]--[@r25]), which is essential for kinetic analysis ([Fig. 1*A*](#fig01){ref-type="fig"}). In order to study the influence of DAG chemical heterogeneity on cellular signaling, we prepared four caged DAGs: One variant with short acyl chains (dioctanoylglycerol, cgDOG) and two typical, naturally occurring DAGs with long acyl chains, featuring one and four double bonds, respectively (stearoyl-arachidonylglycerol, cgSAG and stearoyl-oleoylglycerol, cgSOG) ([Fig. 1 *B* and *C*](#fig01){ref-type="fig"}). As a negative control, we prepared a caged regioisomer of the native species, 1,3-dioleoylglycerol (cg1,3DOG), which does not recruit DAG effector proteins to cellular membranes ([@r26]). To ensure plasma membrane-specific DAG photorelease, we used a sulfonated coumarin photo-caging group ([@r27]), which allows lipid side chains to incorporate selectively into the outer plasma membrane leaflet but completely blocks transbilayer movement (flip-flop) due to two negative charges ([Fig. 1*A*](#fig01){ref-type="fig"}). The absorption and emission spectra of coumarin derivatives cgDOG, cgSAG, cgSOG, and cg1,3DOG were very similar ([*SI Appendix*, Fig. S1-1 *B* and *C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)).

![Caged diacylglycerols for acute lipid density increases at the outer plasma membrane leaflet. (*A*) Schematic description of the experimental approach. (*B*) Synthesis of the cgDAGs. (*C*) Structures of synthesized cgDAGs. (*D*, *Left*) Cellular localization of cgDAGs visualized by coumarin fluorescence. (Scale bars, 33 μm.) (*D*, *Right*) Quantification of FI after cellular uptake. (*E*--*G*) Quantification of cgDAG incorporation and photoreaction efficiency in vitro in solution and in living cells. (*E*) NMR spectra of cgDOG before and after irradiation using a 345-nm high-pass filter and DOG as reference compound. Photocleavage was monitored by the distinct shift of *sn*1 glycerol protons signal from 4.39 ppm (cgDAG) to 4.24 ppm (free DAG). (*F*) Whole field of view uncaging of cgDAGs after allowing for membrane turnover causes loss of fluorescence at the plasma membrane but not in endosomes (red arrows), in line with exclusive initial localization of the caged lipid at the outer plasma membrane leaflet. Both images are displayed at the same magnification. (*G*, *Upper*) Quantification of fluorescence intensity changes at the plasma membrane and in endosomes upon photoactivation. The blue bar indicates the uncaging event. (*G*, *Lower*) Uncaging efficiency for the different DAG species at 40% laser power calculated from FI loss at the plasma membrane. All live-cell experiments were carried out in HeLa Kyoto cells, n, numbers represent cell numbers, in a typical experiment 5 to 10 cells were imaged simultaneously. Data are mean; error bars represent SEM.](pnas.1912684117fig01){#fig01}

Brief loading followed by extensive washing ensured sufficient and comparable plasma membrane incorporation of all caged DAGs into HeLa Kyoto cells ([Fig. 1*D*](#fig01){ref-type="fig"} and [*SI Appendix*, *Extended Experimental Procedures*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)) and membrane localization was confirmed by confocal microscopy using the intrinsic fluorescence of the coumarin caging group ([Fig. 1*D*](#fig01){ref-type="fig"}). Endocytosis of caged DAGs was slow ([*SI Appendix*, Fig. S1-2*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)), resulting in a period of 40--60 min suitable for uncaging experiments. The uncaging reaction was confirmed in vitro in solution by NMR spectroscopy, found to be similarly efficient for all probes ([Fig. 1*E*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1*-*1*C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)) and comparable to previously reported probes bearing traditional caging groups ([*SI Appendix*, Fig. S1-1*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)) ([@r26]).

To assess the uncaging efficiency in living cells, whole-field-of-view UV irradiation was combined with monitoring coumarin fluorescence at low intensity illumination. The coumarin fluorescence decreased at the plasma membrane, consistent with uncaging and subsequent dissipation of the cleaved coumarin alcohol, whereas the fluorescence signal remained unchanged in endosomes (where the coumarin alcohol is trapped in the lumen) ([Fig. 1*F*](#fig01){ref-type="fig"} and [Movie S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). By quantifying the observed fluorescence decreases at the plasma membrane and correcting for baseline fluorescence levels, we found very similar (on average 66 ± 4%) uncaging efficiencies for all caged DAGs ([Fig. 1*G*](#fig01){ref-type="fig"} and [*SI Appendix*, Fig. S1-2 *B*--*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental) and [*Extended Experimental Procedures*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). Since these experiments were done with a laser scanning microscope in a single plane, we also assessed whether the uncaging changed throughout the cell in the *z* direction. To test this, we acquired *z*-stacks of coumarin fluorescence before and after uncaging at low laser intensity and found that the observed uncaging fluorescence loss was very similar throughout the *z*-stack suggesting that out of plane uncaging and/or rapid lateral diffusion of caged DAGs contribute to near-homogenous DAG photo release ([*SI Appendix*, Fig. S1-3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). These settings were used for all uncaging experiments in this study unless stated otherwise ([*SI Appendix*, *Extended Experimental Procedures*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). Taken together, our approach enables acute DAG density increases of different DAG species at the outer leaflet of the plasma membrane.

DAG Fatty Acid Composition Determines Selective Recruitment of PKC Isoforms. {#s3}
----------------------------------------------------------------------------

Varying DAG species patterns generated after receptor activation ([@r13][@r14]--[@r15]) can only encode information during signal transduction if chemically distinct DAG species differentially recruit DAG-binding proteins and, ultimately, cause different phosphorylation patterns of downstream effectors. We thus first tested whether uncaging of molecularly distinct DAG species resulted in specific recruitment patterns of individual EGFP-tagged PKC isoforms ([Fig. 2*A*](#fig02){ref-type="fig"}) in HeLa Kyoto cells. The extent of PKC recruitment was measured as "translocation efficiency," the ratio between normalized fluorescence intensities (FI) at the plasma membrane and in the cytosol ([@r28], [@r29]) ([Fig. 2*B*](#fig02){ref-type="fig"}). Simultaneously, we monitored accompanying Ca^2+^ signaling events using RGECO, a red fluorescent, intensiometric Ca^2+^ indicator ([@r30]), as elevated DAG levels can directly induce Ca^2+^ signaling via activation of transient-receptor potential (TRP) channels ([@r31]).

![Cellular responses after DAG uncaging. (*A*) Domain architecture of novel and classical PKCs. (*B*) Schematic illustration of the image analysis approach FI/FI~0~ are normalized fluorescence intensities at each time point in the time series. (*C*) Time-lapse montage of representative PKC (*Upper*) and RGECO (*Lower*) responses to uncaging of SAG. (*D*) Quantification of the recruitment of PKC isoforms PKCα, PKCβ, PKCγ, PKCδ, and PKCε to uncaging of different DAG species. The blue bar indicates the uncaging event. (*Upper*) Mean translocation efficiency traces. (*Lower*) Bar graphs show maximal translocation efficiency. Significance was tested using ANOVA followed by Dunn's post hoc test and is represented by \* (multiplicity adjusted *P* value, \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001). Error bars represent SEM, data are mean. n, numbers represent cell numbers. (*E*) Quantification of Ca^2+^-signaling events in response to DAG uncaging. (*Upper*) Mean normalized fluorescence intensity traces for RGECO. (*Lower*) Bar graphs show maximal normalized fluorescence intensity. Significance was tested using the Dunn's post hoc test and is represented by \* (multiplicity adjusted *P* value, \**P* \< 0.05; \*\**P* \< 0.01; \*\*\**P* \< 0.001; \*\*\*\**P* \< 0.0001). Shaded areas indicate SEM; blue bars indicate the uncaging event.](pnas.1912684117fig02){#fig02}

Upon uncaging of DAGs, we observed a unique temporal recruitment profile in response to the photorelease of individual 1,2-DAG species, while no recruitment was observed for the negative control 1,3-DOG. ([Fig. 2 *C* and *D*](#fig02){ref-type="fig"} and [*SI Appendix*, Figs. S2-3 *B*--*K* and S2-4 *B*--*F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). The PKC isoforms (PKCδ and PKCε) were recruited to the plasma membrane in a staggered manner after uncaging of all three active 1,2-DAGs ([Fig. 2*D*](#fig02){ref-type="fig"}, PKCδ and PKCε), with SAG typically eliciting the strongest responses and DOG the weakest. PKCε recruitment was more pronounced than PKCδ recruitment for all DAGs, suggesting a higher affinity of PKCε for DAG. All PKCε translocation events observed after DAG uncaging were less intense than endogenous DAG production after ionomycin treatment, which should trigger a maximal, PLC-mediated response ([*SI Appendix*, Fig. S2-1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)), indicating that the DAG concentration increases caused by DAG uncaging are within the concentration range of endogenous DAG generation events.

Both long-chain DAGs elicited Ca^2+^ transients, both in the presence and absence of PKC expression ([Fig. 2*E*](#fig02){ref-type="fig"} and [*SI Appendix*, Fig. S2-2*A*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)), whereas no Ca^2+^ transients were observed for uncaging of the short-chain variant 1,2-DOG or the negative control lipid 1,3-DOG. We also found that the SAG- and SOG-induced Ca^2+^ transients appeared rather variable between cells and experiments (and in some cases were even absent). This could potentially be due to varying expression levels of DAG-sensitive Ca^2+^ channels (e.g., TRPC3/6). Thus, we drew comparative conclusions only from uncaging datasets acquired strictly in parallel under identical conditions. To assess whether the uncaging-triggered DAG signaling events could be obscured by Ca^2+^-induced production of endogenous DAG (via Ca^2+^-induced, PLC-mediated cleavage of PIP~2~), we performed an analysis of single-cell traces of PKCε translocation events. This isoform should only react to DAG levels, irrespective of the DAG source. We used the inherent variability of the Ca^2+^ transients to sort these cells into ones with large Ca^2+^ transients (larger than 50% RGECO fluorescence increase) and ones with lower Ca^2+^ transients and compared whether strong Ca^2+^ transients affected the observed PKC translocation events. This was not the case, and the resulting PKC recruitment profiles were very similar, even in cases where Ca^2+^ transients were not visible ([*SI Appendix*, Fig. S2-2 *B* and *C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). Furthermore, analysis of the peak fluorescence ratios in the PKC and RGECO responses revealed no correlation between the two observables ([*SI Appendix*, Fig. S2-2 *B* and *C*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). Consequently, Ca^2+^-induced production of endogenous DAG in the uncaging experiments had no major effects on the observed PKC recruitment patterns.

The three classical, Ca^2+^-dependent PKC isoforms (PKCα, PKCβ, PKCγ) were only recruited by the long-chain DAGs (SAG and SOG) and did not respond to photoactivation of the short-chain probe cgDOG ([Fig. 2*D*](#fig02){ref-type="fig"} and [*SI Appendix*, Figs. S2-3 *B*--*K* and S2-4 *B*--*F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). This is likely due to the fact that DOG never triggered elevated cytosolic Ca^2+^ levels ([Fig. 2*E*](#fig02){ref-type="fig"}), consistent with the requirement on coincident DAG and Ca^2+^ binding of these classical PKCs. The average PKCα translocation event was larger and longer-lasting for SOG uncaging than for SAG uncaging, whereas the opposite effect was observed for PKCβ ([Fig. 2*D*](#fig02){ref-type="fig"}). This particular difference appeared to depend exclusively on PKC--DAG interactions and not on Ca^2+^ levels, as similar Ca^2+^ transients were observed for both species ([Fig. 2*E*](#fig02){ref-type="fig"}). PKCγ was the only isoform similarly recruited by both native DAGs (SAG and SOG) ([Fig. 2*D*](#fig02){ref-type="fig"}). Interestingly, uniform elevation of plasma membrane DAG levels by photoactivation often led to the formation of localized patches of PKC recruitment or triggered global responses, which transformed into localized patches over time. Both effects were most pronounced for cgSAG ([Fig. 2*C*](#fig02){ref-type="fig"} and [*SI Appendix*, Figs. S2-3 *B*--*K* and S2-4 *B*--*F* and *H*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental) and [Movies S2--S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)), suggesting a varying capacity of individual DAG species to stabilize or form lipid gradients in the plasma membrane.

To compare PKC recruitment patterns after DAG uncaging with responses to a physiological stimulus, we monitored Ca^2+^ transients and PKC recruitment after ATP addition at different concentrations (1 and 5 mM), which should lead to the generation of endogenous DAG by PLCβ-mediated cleavage of PIP~2~, as well as IP~3~-induced Ca^2+^ transients. We observed that PKCε was recruited to the plasma membrane after ATP addition for both concentrations, featuring uniform, strong translocation events, whereas PKCδ-expressing cells exhibited less pronounced events when treated with 5 mM ATP ([Fig. 3](#fig03){ref-type="fig"}), in line with the pattern observed for all DAGs (compare [Fig. 2](#fig02){ref-type="fig"}). In contrast to the treatment with 5 mM ATP, PKCδ translocation events after adding 1 mM ATP were seldom observed ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). Moreover, translocation of the classical PKC isoforms was almost never observed when adding 1 mM ATP ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)) despite the fact that pronounced Ca^2+^ transients were observed in these cases ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). The most likely explanation is that the necessary combined thresholds for DAG and Ca^2+^ concentrations were not reached. When adding 5 mM ATP, we observed pronounced translocation of PKCβ, whereas translocation was rare in cells expressing either PKCα or PKCγ. Importantly, the relative recruitment patterns for the five analyzed PKC isoforms after adding 5 mM ATP matched the ones observed for SAG uncaging ([Fig. 2 *C* and *D*](#fig02){ref-type="fig"}). Since PLC-mediated cleavage of PIP~2~ typically results in the generation of highly unsaturated DAG species such as SAG ([@r32]), this finding suggests that physiological DAG signaling events can be faithfully replicated by DAG uncaging with regard to effector protein recruitment patterns.

![Cellular responses after ATP addition. (*A*) Time-lapse montage of representative PKC (*Upper*) and RGECO (*Lower*) responses following addition of 5 mM ATP. (Scale bars, 10 μM.) (*B*) Quantification of the recruitment of PKC isoforms PKCα, PKCβ, PKCγ, PKCδ, and PKCε to addition of 5 mM ATP. The gray bar indicates the ATP addition. (*C*) Quantification of Ca^2+^ signaling events in response to addition of 5 mM ATP as mean normalized fluorescence intensity traces for RGECO. Shaded areas represent SEM.](pnas.1912684117fig03){#fig03}

Next, we investigated whether uncaging of distinct DAGs gave rise to different phosphorylation patterns of bona fide PKC targets (C-Raf and GSK3β) and key players in cellular signaling cascades (MAPK, MEK1/2, and HDAC7). Cells were loaded with the caged DAGs (cgDAGs), and uncaging was performed on the whole dish. Cells were then collected, the cell lysate captured, and phosphorylation levels monitored with Western blot analysis ([*SI Appendix*, Fig. S2-4 *G*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental) and [*Extended Experimental Procedures*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). As expected, the negative control 1,3DOG did not significantly increase phosphorylation of any of the proteins studied. Significantly increased phosphorylation was observed in C-Raf at S298/296 after stimulation with SAG and in MEK1/2 and MAPK both after SAG and SOG uncaging, while DOG uncaging only significantly increased the phosphorylation of p-MAPK. This analysis confirmed that distinct phosphorylation profiles were triggered by the respective DAGs. Taken together, our data indicate that chemical differences between individual DAG species are sufficient to modulate DAG effector protein recruitment as well as downstream phosphorylation patterns.

Live-Cell Quantification of DAG Dynamics and DAG-Protein Affinities. {#s4}
--------------------------------------------------------------------

While our data suggest that DAG chemical diversity may provide a basis for specific recruitment of effector proteins, it is unclear how the chemical differences between individual lipid species are mechanistically translated into the different recruitment profiles. We decided to address this question using a minimal DAG-binding protein to isolate and quantify the lipid-driven protein recruitment process ([Fig. 4*A*](#fig04){ref-type="fig"}). We chose to use the known GFP fusion protein of the C1a domain of PKCγ, which is commonly used as a DAG biosensor ([@r33]) rather than screening for the most responsive C1 domains as this rendered our data as comparable as possible to our published data ([@r26], [@r28]) and the dynamic range of this sensor was assumed to be sufficient for kinetic analysis. However, we noticed that a significant part of the protein was retained in the nucleus and only exported when the cytosolic fraction was recruited to the plasma membrane upon DAG uncaging ([Fig. 4*B*](#fig04){ref-type="fig"} and [Movie S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). This leads to an intrinsic delay of the sensor ([Fig. 4*D*](#fig04){ref-type="fig"}) and could hinder a kinetic analysis of the actual recruitment process. To avoid this, we equipped the protein with a nuclear export sequence (NES) to have the protein expressed solely in the cytosol ([Fig. 4*C*](#fig04){ref-type="fig"} and [Movie S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). This suppressed the distortion of translocation kinetics by nuclear export compared to the original C1-EGFP construct ([Fig. 4*D*](#fig04){ref-type="fig"}).

![An improved DAG biosensor allows precise analysis of membrane association kinetics and reveals differences between DAG species. (*A*) Schematic representation of the uncaging experiment. (*B*) Time-lapse montage of the C1-EGFP response to cgDOG uncaging in HeLa Kyoto cells. Note the presence of a nuclear protein pool indicated by the white arrows. (*C*) Time-lapse montage of the C1-EGFP-NES response to cgDOG uncaging in HeLa Kyoto cells. Note the absence of a nuclear protein pool indicated by the white arrows. (*D*) Translocation efficiency traces of C1-EGFP and C1-EGFP-NES after cgDOG uncaging. (*E*, *Left*) C1-EGFP-NES release kinetics after DAG uncaging in HeLa Kyoto cells. (*E*, *Right*) C1-EGFP-NES recruitment kinetics after DAG uncaging in HeLa Kyoto cells shown in more detail during the initial response. Uncaging experiments were carried out on a spinning disk microscope ([*SI Appendix*, *Additional Experimental Procedures*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). In all images, the blue bar indicates the uncaging event. n, numbers represent cell numbers; in a typical experiment, 5--10 cells were imaged simultaneously. Shaded regions surrounding mean traces in *D* and *E* represent SEM.](pnas.1912684117fig04){#fig04}

Uncaging of cgDOG, cgSAG, and cgSOG using the above described conditions triggered C1-EGFP-NES translocation to the plasma membrane, whereas neither cg1,3DOG uncaging nor illumination of unloaded cells caused translocation ([Fig. 4*E*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S4 *A*--*D*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). A thorough characterization of C1-EGFP-NES in comparison with the C1-EGFP construct revealed no significant differences regarding the response rates to cgDAG uncaging ([*SI Appendix*, Fig. S4 *E*--*G*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). Importantly, striking differences between the individual lipid species were again observed ([Fig. 4*E*](#fig04){ref-type="fig"}): C1-EGFP-NES was recruited much faster to the plasma membrane after cgDOG uncaging compared to cgSOG or cgSAG uncaging ([Fig. 4 *E*](#fig04){ref-type="fig"}, *Right*), whereas the subsequent release of the sensor from the plasma membrane appeared to be fastest for SAG ([Fig. 4 *E*](#fig04){ref-type="fig"}, *Left*).

Quantitative Live-Cell Imaging Combined with Mathematical Modeling Reveals Specific Differences in Kinetics and Protein Affinities Among DAG Species. {#s5}
-----------------------------------------------------------------------------------------------------------------------------------------------------

We hypothesized that the observed differences in protein recruitment between DAGs might be caused by distinct temporal DAG density profiles in the inner leaflet and, therefore, sought to characterize the kinetics of lipid transbilayer movement, lipid turnover, and lipid-protein affinities. For this, we developed a minimal kinetic model that could then be compared to the experimentally obtained temporal C1-EGFP-NES fluorescence profiles ([Fig. 5*A*](#fig05){ref-type="fig"}). This required quantitative knowledge of the number of C1-EGFP-NES protein copies and of the number of photoliberated DAG molecules. The number of free C1-EGFP-NES molecules of the resting cell was calculated from the cytosolic fluorescence intensity using a calibration curve generated from recombinantly produced C1-EGFP-NES at known concentrations ([Fig. 5 *B* and *C*](#fig05){ref-type="fig"}) and by estimating the cellular volume ([*SI Appendix*, *Extended Experimental Procedures*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). We determined the number of cgDAG in the outer leaflet of the plasma membrane before UV uncaging and the number of liberated DAG upon uncaging using the coumarin fluorescence. For this, the intensity of giant plasma membrane unilamellar vesicles (GPMVs) derived from cgDAG-loaded cells was quantified and compared to a calibration curve obtained from giant unilamellar vesicles (GUVs) containing defined mole percentages of caged DAG ([Fig. 5*D*](#fig05){ref-type="fig"}) (quantitative incorporation into GUVs was confirmed by mass spectrometry \[[*SI Appendix*, *Extended Experimental Procedures*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental) and [Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)\]). The uncaging efficiencies were determined for different laser powers, and this number was multiplied with the total amount of caged DAG to obtain the absolute number of liberated DAG molecules ([Fig. 5 *E*--*G*](#fig05){ref-type="fig"}). We found that uncaging of merely 1--2 × 10^−3^ mol% of an individual DAG species sufficed to induce the recruitment of C1-EGFP-NES to the plasma membrane, resulting in a sizable reduction of free C1-EGFP-NES in the cytosol ([Fig. 5 *H*--*J*](#fig05){ref-type="fig"} and [*SI Appendix*, *Extended Experimental Procedures*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). This observation allows the conclusion that the molecular composition of plasma membrane appears to be tuned in a way that enables the efficient recruitment of DAG-binding proteins in response to remarkably small elevations of DAG levels.

![Kinetic model and determination of kinetic rate constants and *K*~d~ values for DAGs. (*A*) Kinetic scheme of relevant processes for DAG-induced plasma membrane recruitment of C1-EGFP-NES. (*B*) Size exclusion chromatography profile and corresponding SDS/PAGE analysis for purified C1-EGFP-NES. (*C*) Quantification of C1-EGFP-NES concentration in HeLa Kyoto cells. (*Upper*) Comparison of C1-EGFP-NES fluorescence intensity in HeLa Kyoto cells with a C1-EGFP-NES solution with a defined concentration of 1.6 µM. (*Lower*) Calibration curve with purified C1-EGFP-NES and comparison to average intracellular protein concentration. (*D*) Quantification of cgDAG density in HeLa Kyoto cells. (*Upper*) Comparison of GPMVs (giant plasma membrane vesicles) derived from cgSAG loaded cells with GUVs containing 0.05% cgSAG. (*Lower*) Quantification of fluorescence intensity of GPMVs (red) and GUVs featuring varying cgSAG content (blue). Error bars represent SEM. (*E*--*G*) Number of liberated DAG molecules for the different laser powers used to titrate C1-EGFP-NES responses. (*H*--*J*) Experimentally determined number of free C1-EGFP-NES proteins (mean number shown by faint lines) in the cytosol as a function of time for the three DAG species. Upon UV uncaging using the indicated nine different laser powers (0--40%, time of uncaging indicated by blue bar), the number of free proteins drops due to the recruitment of C1-EGFP-NES molecules to the plasma membrane upon DAG binding there. The measured/calculated mean amount of the free C1-EGFP-NES in the cytosol (faint lines) is shown together with predictions of this behavior by the model with its best fit parameters (solid lines). (*K--M*) For each of the nine laser powers, the minimal number of free C1-EGFP molecules in the cytosol that were observed upon uncaging (i.e., at the time point of maximal recruitment of the sensor to the plasma membrane) is plotted as a function of the amount of liberated DAG for the three DAG species. Colored dots represent experimental mean values, black lines show simulated results. (*N--Q*) Estimation of kinetic parameters and their respective variability by bootstrapping (one extreme outlier of SAG is not shown for scaling reasons and because it likely represents a nonfeasible local minimum). Data are shown as mean ± SEM and respective n numbers are given in [*SI Appendix*, Fig. S5-1*K*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental).](pnas.1912684117fig05){#fig05}

To study how varying the amount of liberated DAG affected the translocation of C1-EGFP-NES, we used different laser powers for uncaging. This revealed an unexpected saturation of responses even when sizable fluorescence was still onserved in the cytosol ([Fig. 5 *H*--*M*](#fig05){ref-type="fig"}). This was accounted for in the model (which cannot by itself produce such a behavior due to its minimal design) by subtracting the experimentally observed nonresponsive fraction (determined from the experiment, not a model parameter). There are a few possible explanations for this phenomenon. Most likely, not all fluorescence in the cytosol corresponds to C1-EGFP-NES or the number of binding sites at the plasma membrane might be limiting.

Our minimal kinetic model was designed to describe the observed C1-EGFP-NES responses to DAG uncaging and featured DAG transbilayer movement, metabolism, and association to C1-EGFP-NES in equilibrium ([Fig. 5*A*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S5-1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). Although the model only contained four free parameters, parameter optimization to all 510 experimental data points led to a very good agreement between model and experiment over the full range of laser powers (0--40%) used to liberate increasing amounts of DAG (compare experimental traces, faint lines, with model predictions, solid lines in [Fig. 5 *H*--*J*](#fig05){ref-type="fig"}). Specifically, the rate constant for outside-in movement across the plasma membrane (*k*~in~), the rate constant for inside-out movement (*k*~out~), and the rate constant for DAG turnover (*k*~met~), and the affinity for binding C1-EGFP-NES (*K*~d~) could be estimated by a parameter optimization sampling a large region of the parameter space (see [*SI Appendix*, *Extended Experimental Procedures*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental) for details). To investigate how variability in the experimental data might affect parameter estimates, we performed a bootstrapping analysis where the model parameters were repeatedly estimated from random subsets of the experimental traces (see [*SI Appendix*, *Extended Experimental Procedures*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental) for details). This lead to largely similar parameter estimates close to the ones obtained from the full dataset, in line with reliable and reproducible parameter estimates. We also performed a sensitivity analysis by investigating the agreement between model and data for various parameter combinations ([*SI Appendix*, Fig. S5-2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). This revealed a global minimum for SAG and for SOG, but the situation was less clear for DOG where multiple solutions for *k*~in~ and *k*~out~ produced similarly good agreement of the model with the data ([*SI Appendix*, Fig. S5-2 *C* and *F*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). This aligns with the experimental observation, where the recruitment of C1-EGFP-NES is already maximal with the first acquired data point ([Fig. 5*J*](#fig05){ref-type="fig"}), meaning that the sampling rate in the experiment is too low to define the speed of outside-in movement and only the ratio between *k*~in~ and *k*~out~ should be considered (the estimate of *k*~met~ was not affected by this, [Fig. 5*P*](#fig05){ref-type="fig"}). This was different for SAG and SOG, where multiple measurement points were acquired before the maximal C1-EGFP-NES recruitment was reached, which allowed for a robust estimate of *k*~in~, which was much lower (SAG: 0.065 s^−1^, SOG: 0.036 s^−1^, DOG: 17.02 s^−1^; for all parameters, see [*SI Appendix*, Table S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). The estimated rate constant for inside-out transbilayer movement (*k*~out~) was much larger for SAG than for SOG ([Fig. 5*O*](#fig05){ref-type="fig"}). In fact, *k*~out~ was essentially zero in the case of SOG and, indeed, a model without any inside-out transbilayer movement was preferred for SOG according to Akaike's information criterion ([@r34]) (while the full model was preferred for SAG and DOG, although the major species-specific differences were overt in both models, see [*SI Appendix*, *Extended Experimental Procedures*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental) and [Fig. S5-3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). While the DAG turnover rate constant *k*~met~ was very similar for SAG and SOG, its value was much lower in the case of DOG ([Fig. 5*P*](#fig05){ref-type="fig"}), indicating that this nonnatural variant cannot be metabolized via the same pathways. Importantly, the DAG:C1-EGFP-NES affinities (1/*K*~d~) of the two natural lipids SAG and SOG differed by one order of magnitude (in both models, [Fig. 5*Q*](#fig05){ref-type="fig"} and [*SI Appendix*, Fig. S5-3*L*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)), indicating a clear side-chain specificity of the DAG-binding domain. This finding demonstrates that species-specific lipid--protein interactions can occur within biological membranes, a hypothesis that has been frequently put forward ([@r12]), but only rarely experimentally tested ([@r35]).

Simulating DAG Signaling Highlights the Importance of Lipid Dynamics. {#s6}
---------------------------------------------------------------------

Knowledge of the species-specific kinetic parameters and affinities allowed us to simulate the relevant lipid and protein pools during physiological signaling events, where DAG is generated at the inner leaflet by PLC-mediated PIP~2~ cleavage ([@r36]) ([Fig. 6*A*](#fig06){ref-type="fig"}). We investigated how the temporal profile of DAG-mediated C1-EGFP-NES recruitment would deviate assuming (in theory) that either SAG, SOG, or DOG would exclusively be generated. Although we assumed that either species would be generated at the same rate, the resulting temporal profiles deviated significantly, owing to the species-specific properties: The model predicted much higher levels of DOG in the inner leaflet as compared to both SAG and SOG ([Fig. 6*B*](#fig06){ref-type="fig"}). Conversely, the respective maximal amounts of DAG-bound C1-EGFP-NES were much more similar ([Fig. 6 *C* and *D*](#fig06){ref-type="fig"}). The differences between DOG and SOG are a consequence of deviating lipid-protein affinities and turnover rates ([Fig. 5 *P* and *Q*](#fig05){ref-type="fig"}). However, lower SAG levels on the inner leaflet were also caused by differences in transbilayer movement ([Fig. 5*O*](#fig05){ref-type="fig"}), as SAG was the only species that accumulated to a significant amount on the outer leaflet of the plasma membrane ([Fig. 6*E*](#fig06){ref-type="fig"}). Physiologically, this would constitute a nonmetabolizable SAG buffer on the outer plasma membrane leaflet, prolonging the duration of SAG-mediated signaling events at the cost of an attenuated amplitude.

![Simulation of physiological DAG signaling events. (*A*) Scheme depicting the in silico experiment of DAG generation in the inner leaflet of the plasma membrane by stimulation of PLC-mediated cleavage of 2.5 × 10^6^ PIP~2~ molecules generating different DAG species with a time constant of τ = 100 s, in line with observations made in ATP stimulation experiments ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental)). (*B*--*F*) Temporal development of SAG (magenta), SOG (green), and DOG (gray) molecule numbers on the inner leaflet (*B*), the number of membranous DAG--C1--EGFP--NES complexes (*C*), the number of cytosolic C1-EGFP-NES molecules (*D*), the number of DAG molecule on the outer leaflet (*E*), the number of DAG molecule removed from the plasma membrane due to lipid turnover (*F*). Note that SAG is the only species exhibiting a sizable outer-leaflet pool.](pnas.1912684117fig06){#fig06}

Discussion {#s7}
==========

Quantitative Lipid Biochemistry in Living Cells. {#s8}
------------------------------------------------

In this study, we report a conceptual strategy to analyze the dynamics and molecular interactions of native lipid species in quantitative live-cell experiments. As biological membranes---unlike model membranes---feature an asymmetric lipid distribution ([@r37]) and highly complex lipid composition ([@r12]), such experiments are needed to understand the biological function of distinct lipid species. We developed a generation of caged DAG probes equipped with a sulfonated caging group designed for triggering rapid and temporally defined, quantitative increases of DAG levels specifically at the outer plasma membrane leaflet. Our experimental strategy enables quantitative kinetic analysis of DAG signaling events as it provides a defined starting point for both the amount of liberated DAG and signal initiation, which is not possible for receptor-induced DAG production, where the exact amount and time course of DAG production is experimentally not accessible.

Importantly, the induced changes appear to be comparable with alterations of DAG levels observed during physiological signaling events, as PKC recruitment patterns after stimulation of endogenous DAG production by ATP were replicated by SAG uncaging-induced recruitment ([Figs. 2](#fig02){ref-type="fig"} and [3](#fig03){ref-type="fig"}). While our approach does not capture effects during physiological signaling events that might be caused by localized DAG production in preorganized signaling clusters below the diffraction limit, it allows testing the hypothesis that lipid diversity provides a mechanistic basis for lipid function ([@r12], [@r22]). Importantly, a recent report suggests a high degree of species selectivity for a major family of DAG metabolizing enzymes, diacylglycerol kinases ([@r38]). The authors report distinct specificities for individual isoforms, a pattern that is reminiscent of the differences in recruitment patterns that we observe for PKC isoforms. Both findings strongly suggest that individual DAG species play distinct roles in lipid signaling networks.

Species-Specific DAG Dynamics and DAG--Protein Interactions Regulate Signaling. {#s9}
-------------------------------------------------------------------------------

We show that comparable increases of individual DAG species result in strikingly different PKC recruitment and downstream phosphorylation patterns, consistent with a functional role of DAG fatty acid composition in cellular signaling events. To understand the mechanistic basis for the observed differences, we devised a minimal mathematical model and optimized its parameters to fit the temporal recruitment profiles of the DAG sensor C1-EGFP-NES. We determined *K*~d~ values for DAG--C1--domain interactions as well as rate constants for transbilayer movement and turnover of individual DAG species using dose-dependent DAG photorelease.

We found that subtle variations in DAG acyl chain length and unsaturation degree result in markedly different parameter values. For instance, although structurally very similar, SAG and SOG deviate by an order of magnitude in their affinity for binding DAG sensing proteins ([Fig. 5*Q*](#fig05){ref-type="fig"}). Moreover, while our parameter estimates implied no movement of SOG from the inner to the outer leaflet of the plasma membrane, SAG was predicted to accumulate on the outer leaflet of the plasma membrane during physiological signaling, which could markedly affect the temporal signaling profile, because SAG on the outer leaflet would constitute a nonmetabolizable buffer, thus resulting in attenuated but temporally extended elevation of SAG levels.

We show that combining quantitative live imaging with mathematical modeling enables a quantitative comparison of specific molecular properties related to the chemical structure of diverse DAG species, which are not directly experimentally accessible. As with all modeling approaches, these parameter values can only be judged in the context of the model itself, which will always be an approximation of reality. Yet, such approximations are particularly useful to make predictions and to generate key hypotheses in membrane biology, which can then be addressed experimentally. Future work will identify the limitations and further requirements of the model and, together with experimental refinements, iteratively lead to improvements of the model's predictive value.

Taken together, the combination of quantitative lipid biochemistry in living cells and mathematical modeling allowed us to study the mechanistic basis of cellular lipid signaling events in unprecedented molecular detail down to the elementary reactions that govern the behavior of distinct lipid species. We anticipate that the described experimental strategy could be expanded to other lipid classes, as the fundamental design principle of the utilized caged lipids is universal, and recently developed screening approaches have streamlined the discovery and characterization of lipid-binding domains ([@r39]). As more and more individual lipid species are linked to specific cellular processes by lipidomic screens, the need for experimental strategies to validate their involvement in live-cell assays and to investigate the underlying mechanisms will only increase.

Materials and Methods {#s10}
=====================

The materials and methods used in this study are described in detail in [*SI Appendix*, *Additional Experimental Procedures*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental). Information includes general synthetic procedures, photophysical characterization of compounds, description of plasmids and cloning, virus production, protein production and purification, Western blot analysis, preparation of giant unilamellar vesicles, mass spectrometric analysis of vesicle lipid content, cell culture and cDNA transfection protocols, life cell imaging, loading procedures for caged lipids, uncaging experiments, quantification of uncaging reactions, image analysis and data processing, and the kinetic model and fitting procedures. Data availability statement: All relevant datasets are included as figure items in the main text or [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1912684117/-/DCSupplemental). All software codes used for analysis will be made available to readers via the institute repository of the Max Planck Institute of Molecular Cell Biology and Genetics (MPI-CBG) (<https://dx.doi.org/21.11101/0000-0007-DF4A-C>) and upon request from the corresponding authors.
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